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HYDROGEN RECOVERY FROM 
HYDROCARBON SYNTHESIS PROCESSES 

RELATED APPLICATION 

The present application is a divisional of US. application 
Ser. No. 10/794,084, ?led Mar. 8, 2004, now US. Pat. No. 
7,166,643 the contents of Which are hereby incorporated by 
reference in their entirety. 

FIELD OF THE INVENTION 

The invention relates to a process for producing a hydro 
gen-rich stream from streams comprising a loW concentration 
of hydrogen, i.e., a hydrogen-depleted stream. More particu 
larly, the invention relates to a hydrocarbon synthesis process, 
by Way of example, a Fischer Tropsch process, from Which 
both hydrocarbons and high purity hydrogen are produced. 

BACKGROUND OF THE INVENTION 

There are many processes knoWn in the art for converting 
hydrocarbon sources such as natural gas, coal, coke, into 
more valuable hydrocarbon products. A typical conversion 
process involves ?rst converting the hydrocarbon source into 
synthesis or syngas gas, Which is a mixture of Water, carbon 
dioxide, carbon monoxide and hydrogen. If the hydrocarbon 
source is natural gas, a catalytic reforming reaction is utiliZed 
to make syngas. If the source is residual oil or a solid feed, 
partial oxidation or gasi?cation is used. The syngas then may 
be used as a feedstock for producing a Wide range of chemi 
cals, including combustible liquid fuels, methanol, ammonia, 
acetic acid, dimethyl ether, oxo alcohols, and isocyanates. 
Remote natural gas assets can be converted into conven 

tional transportation fuels, chemical feedstocks, and lubri 
cants via the initial production of syngas. The Fischer Trop 
sch process is the conventional route to convert the syngas 
into transportation fuels and lubricants. Alternatively, natural 
gas may be converted into syngas folloWed by methanol 
synthesis With the methanol utiliZed to produce a Wide variety 
of chemicals. 

In particular, a Fischer Tropsch synthesis reaction may be 
used to synthesiZe higher molecular Weight hydrocarbon 
products from synthesis gas. In Fischer Tropsch synthesis 
reactions, synthesis gas is converted to hydrocarbons by con 
tact With a Fischer Tropsch catalyst under reactive conditions. 
The products from a Fischer Tropsch process may range from 
C 1 to C200+ With a majority in the C5 -C100+ range. The Fischer 
Tropsch synthesis reaction can be conducted in a variety of 
reactor types including, for example, ?xed bed reactors con 
taining one or more catalyst beds, slurry reactors, ?uidized 
bed reactors, or a combination of different type reactors. 

Similarly, methanol can be produced from a Wide range of 
hydrocarbon feedstocks by initially converting the feedstock 
into synthesis gas by reforming or gasi?cation. Methanol 
synthesis can then be achieved via a catalytically-enhanced 
reaction. 

Hydrocarbon synthesis processes typically require a 
source of hydrogen gas for use in the process. By Way of 
example, natural gas feeds to the synthesis gas generator may 
require hydrotreating prior to introduction into the synthesis 
gas generator. In addition, Fischer Tropsch products, While 
they are highly paraf?nic, are typically upgraded by one or 
more hydroconversion processes to provide more valuable 
products. Examples of hydroconversion processes include 
hydrotreating, hydrocracking, hydroisomeriZation, and 
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2 
hydro?nishing. In these hydroconversion/hydrotreating pro 
cesses, expensive hydrogen gas is consumed. 

Conventional sources of hydrogen gas are expensive. The 
hydrogen gas may be obtained from a conventional steam 
methane reformer; hoWever, the equipment is expensive and 
the process requires a natural gas feed, Which instead could be 
used to generate additional syngas and ultimately more valu 
able higher molecular Weight products. Hydrocarbon synthe 
sis processes generate gas streams comprising loW concen 
trations of hydrogen. HoWever, the hydrogen is in such loW 
concentrations that typically, these gas streams are sent to fuel 
gas systems. 
As hydrocarbon synthesis processes require hydrogen gas 

and typical sources for hydrogen gas are expensive, there 
have been attempts to develop more economical and ef?cient 
sources of hydrogen gas for use in these hydrocarbon synthe 
sis processes. By Way of example, US. Pat. Nos. 6,043,288 
and 6,103,773 and WO 02/051744 describe processes for 
producing hydrogen from a synthesis gas feed. US. Pat. No. 
5,082,551 describes a process for the separation of HZ-rich 
gas from the effluent from a hydroconversion Zone and US. 
Pat. No. 6,147,126 describes processes for using the HZ-rich 
tail gas from a hydroconversion process for at least one of (i) 
hydrocarbon synthesis reaction catalyst rejuvenation, (ii) the 
hydrocarbon synthesis, and (iii) hydrogen production. US. 
Pat. No. 5,844,005 describes using a hydrogen containing tail 
gas from a hydrocarbon synthesis reactor as a hydrogen con 
taining catalyst rejuvenating gas. If CO is present in the 
hydrogen containing tail gas, the CO content is less than 10 
mole % of the gas and the H2 to CO mole ratio is greater than 
3:1. 

Accordingly, there is a need in the art for an economical 
and e?icient source of hydrogen gas. As such, there is a need 
in the art for processes for providing high purity hydrogen gas 
from gas streams comprising loW concentrations of hydro 
gen. In addition, there is a need in the art for a hydrocarbon 
synthesis process in Which the hydrogen required for 
hydrotreating the natural gas feed and/ or upgrading the prod 
ucts is economically and e?iciently provided from the hydro 
carbon synthesis process itself such that the use of hydrogen 
from an outside source is minimized. This invention provides 
such processes. 

SUMMARY OF THE INVENTION 

The present invention relates to a process for providing a 
hydrogen-rich stream. The process comprises performing a 
hydrocarbon synthesis process using syngas and isolating a 
gaseous stream comprising hydrogen from the hydrocarbon 
synthesis process. The gaseous stream comprising hydrogen 
is contacted With a reverse-selective membrane to provide a 
CO2-enriched permeate and a hydrogen-containing retentate, 
the retentate is passed through a Water gas shift reactor to 
provide a hydrogen-containing stream; and the hydrogen 
containing stream is passed through a pressure sWing adsorp 
tion unit to provide a hydrogen-rich stream comprising 
greater than 90 vol. % hydrogen. 

In another embodiment, the present invention relates to a 
process for providing a hydrogen-rich stream. The process 
comprises performing a hydrocarbon synthesis process using 
syngas and isolating a gaseous stream comprising hydrogen 
from the hydrocarbon synthesis process. The gaseous stream 
comprising hydrogen is passed through a Water gas shift 
reactor to provide a hydrogen-containing stream; the hydro 
gen-containing stream is contacted With a reverse-selective 
membrane to provide a CO2 -enriched permeate and a hydro 
gen-containing retentate; and the hydrogen-containing reten 
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tate is passed through a pressure swing adsorption unit to 
provide a hydrogen-rich stream comprising greater than 90 
vol. % hydrogen. 

In yet another embodiment, the present invention relates to 
a process for providing a hydrogen-rich stream. The process 
comprises performing a hydrocarbon synthesis process, iso 
lating a hydro gen-depleted stream from the hydrocarbon syn 
thesis process, and isolating a hydrogen-rich stream compris 
ing greater than 90 vol. % hydrogen from the hydrogen 
depleted stream by a process comprising contacting the 
hydrogen-containing stream With a reverse-selective mem 
brane. 

In a further embodiment, the present invention relates to a 
process for upgrading a hydrocarbon product stream com 
prising contacting the hydrocarbon product stream With a 
hydrogen-rich stream, Wherein the hydrogen-rich stream is 
isolated from a stream comprising less than 40% vol. hydro 
gen. 

In yet a further embodiment, the present invention relates 
to an integrated Fischer Tropsch process. The process com 
prises performing a Fischer Tropsch process using syngas to 
provide a hydrocarbon product stream and a hydrogen-de 
pleted stream; isolating a hydrogen-rich stream from the 
hydrogen-depleted stream; and upgrading at least a portion of 
the hydrocarbon product stream by reacting it With at least a 
portion of the hydrogen-rich stream. 

In another embodiment, the present invention relates to a 
process for providing a hydrogen-rich stream. The process 
comprises performing a hydrocarbon synthesis process using 
syngas to provide at least one hydrocarbon stream and a 
hydrogen-depleted stream. A hydrogen-containing stream is 
isolated from the hydrogen-depleted stream by a process 
comprising contacting With a reverse-selective membrane 
and performing a Water gas shift reaction, Wherein the hydro 
gen concentration on a Water-free basis of the hydrogen 
containing stream is at least 5 vol. % greater than the hydro 
gen concentration on a Water-free basis of the hydrogen 
depleted stream. The hydrogen-containing stream is passed 
through a pressure sWing adsorption unit to provide a hydro 
gen-rich stream comprising greater than 90 vol. % hydrogen. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic ?oW diagram of one embodiment of 
the invention. 

FIG. 2 provides Table II, Which is a stream summary of the 
content of the gas streams from FIG. 1. The stream summary 
has been generated by computer modeling. 

FIG. 3 is a schematic ?oW diagram of a second embodi 
ment of the invention. 

FIG. 4 provides Table III, Which is a stream summary of the 
content of the gas streams from FIG. 3. The stream summary 
has been generated by computer modeling. 

DETAILED DESCRIPTION OF THE INVENTION 

According to the present invention, processes are provided 
for isolating a hydrogen-rich stream. Surprisingly, the pro 
cesses of the present invention alloW for the isolation of a 
hydrogen-rich stream from streams comprising a loW concen 
tration of hydrogen. Preferably, the hydrogen-depleted 
streams are isolated from a hydrocarbon synthesis process. 
LoW concentrations of hydrogen typically prevent the use of 
pressure sWing adsorption to recover hydrogen-rich streams. 
To function effectively, pressure sWing adsorption typically 
requires a hydrogen feed With greater than 40 vol. % hydro 
gen. HoWever, the processes of the present invention alloW for 
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4 
the isolation of a hydrogen-rich stream from a hydrogen 
depleted stream, in particular a stream comprising less than 
40 vol. % hydrogen, preferably less than 35 vol. % hydrogen. 
The processes for isolating a hydrogen-rich stream accord 

ing to the present invention use methods for raising the con 
centration of hydrogen in the stream. These methods include 
using a reverse-selective membrane that is selectively perme 
able to carbon dioxide, and thus, separates carbon dioxide 
from the other components of the hydrogen-depleted gas 
stream. 

Preferably, the processes of the present invention are used 
to isolate hydrogen-rich streams from streams produced in 
hydrocarbon synthesis processes, and the hydrogen-rich 
streams thus isolated can then be used in the hydrocarbon 
synthesis processes, thus providing an integrated process. 
The hydrogen-rich streams isolated according to the pro 

cesses of the present invention may be used for any purpose 
for Which a high purity hydrogen gas is needed. By Way of 
example, the hydrogen-rich streams can be used for a process 
selected from the group consisting of (i) upgrading a hydro 
carbon product stream from the hydrocarbon synthesis pro 
cess; (ii) hydrotreating a natural gas stream; (iii) recycling the 
hydrogen-rich stream to a hydrocarbon synthesis reaction 
unit; (iv) hydrogen production for uses outside the hydrocar 
bon synthesis process; (v) rejuvenating a hydrocarbon syn 
thesis reaction catalyst; and (vi) combinations thereof. 

De?nitions 

The folloWing terms Will be used throughout the speci? 
cation and Will have the folloWing meanings unless otherWise 
indicated. 

The hydrocarbon synthesis process refers to a series of 
process steps for the conversion of a hydrocarbon source, 
such as natural gas, heavy oil, and coal, into more valuable 
hydrocarbons. The hydrocarbon synthesis process ?rst com 
prises converting the hydrocarbon source into synthesis gas 
or syngas. The synthesis gas is then converted into more 
valuable hydrocarbons by a hydrocarbon synthesis reaction. 
The hydrocarbon synthesis process may comprise one or 
more upgrading steps to upgrade the hydrocarbons into one or 
more salable hydrocarbonaceous products. Hydrocarbon 
synthesis processes may be used to produce a Wide range of 
products, including combustible liquid fuels, methanol, ace 
tic acid, dimethyl ether, oxo alcohols, and isocyanates. 
Hydrocarbon synthesis processes include Fischer Tropsch 
processes, methanol synthesis processes, and the like. 
A hydrocarbon synthesis reaction refers to the reaction that 

converts synthesis gas into higher hydrocarbons. Hydrocar 
bon synthesis reactions include Fischer Tropsch synthesis 
reactions, methanol synthesis reactions, and the like. 

Derived from a Fischer Tropsch process means that the 
feedstock, feed, product stream, or tail gas in question origi 
nates from or is produced at some stage by a Fischer Tropsch 
process. 

A “Fischer Tropsch derived stream” or “Fischer Tropsch 
stream” means that the stream originates from or is produced 
at some stage by a Fischer Tropsch process. 

Highly paraf?nic means that the feedstock, blend stock, or 
product in question contains more than 70 Weight % paraf?ns, 
preferably 80 Weight % or greater para?ins, and mo st prefer 
ably 90 Weight % or greater paraf?ns. 

Syngas or synthesis gas is a mixture that includes both 
hydrogen and carbon monoxide. In addition to these species, 
Water, carbon dioxide, unconverted light hydrocarbon feed 
stock and various impurities may also be present. 
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Permeate means the gas stream that selectively passes 
through the membrane. As such, the membrane is selectively 
permeable for the permeate. 

Retentate means the gas stream that does not pass through 
the membrane and thus, remains on the feed side of the 
membrane. As such, the membrane is not selectively perme 
able for the retentate. 

Reverse-selective membrane is a membrane that is selec 
tively permeable to a more soluble gas component. According 
to the present invention, the reverse-selective membrane is 
selectively permeable to CO2 and thus, the membrane selec 
tively passes CO2 While restricting passage of less soluble 
components in the original feed stream, including hydrogen. 

COZ-enriched permeate means the gas stream that passes 
through the reverse-selective membrane. The reverse-selec 
tive membrane is selectively permeable to CO2, and as such, 
the membrane selectively passes CO2 resulting in a gas 
stream that is enriched in CO2 and depleted in the less soluble 
components of the original gas feed. It should be noted that 
the membrane is selectively permeable to CO2. Selectively 
permeable indicates a higher selectivity for CO2 in compari 
son to the less soluble components of the original gas feed; 
hoWever, selectively permeable does not require a complete 
separation of the components of the original gas feed. 

Hydrogen-containing retentate means the gas stream that 
does not pass through the membrane. The reverse-selective 
membrane is selectively permeable to CO2, and as such, the 
membrane restricts passage of the less soluble gas compo 
nents in the original feed, including hydrogen, resulting in a 
hydrogen-containing retentate. The hydrogen-containing 
retentate comprises hydrogen, as Well as other components of 
the original gas for Which the membrane is not selectively 
permeable. The membrane according to the present invention 
is selectively permeable to CO2, and thus, the gas stream, 
Which does not pass through the membrane, comprises hydro 
gen, as Well as other components of the original gas for Which 
the membrane is not selectively permeable. Selectively per 
meable indicates a higher selectivity for CO2 in comparison 
to the less soluble components of the original gas feed; hoW 
ever, selectively permeable does not require a complete sepa 
ration of the components of the original gas feed, and thus, the 
hydrogen-containing retentate may comprise residual CO2 as 
Well as hydrogen and the other components of the original gas 
for Which the membrane is not selectively permeable. 

Hydrogen-rich stream means a stream comprising greater 
than 90 vol. % hydrogen, preferably greater than 95 vol. % 
hydrogen, and more preferably greater than 99 vol. % hydro 
gen. 

Hydrogen-depleted stream means a stream comprising less 
than 40 vol. % hydrogen, preferably less than 35 vol. % 
hydrogen, and more preferably less than 30 vol. % hydrogen. 
LoW value hydrogen streams are hydrogen-depleted 

streams and thus comprise less than 40 vol. % hydrogen, 
preferably less than 35 vol. % hydrogen, and more preferably 
less than 30 vol. % hydrogen. 

Integrated Process means a process comprising a sequence 
of steps, some of Which may be parallel to other steps in the 
process, but Which are interrelated or somehoW dependent 
upon either earlier or later steps in the total process. Thus, a 
feed to one step in an integrated process comprises a product 
from a preceding step in the process; alternatively, a product 
of a step in an integrated process is a feed, either alone or as 
a blend With other feeds, for one or more subsequent steps in 
an integrated process. 
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6 
“Hydrocarbon or hydrocarbonaceous” means a compound 

or substance that contains hydrogen and carbon atoms, Which 
may also include heteroatoms such as oxygen, sulfur or nitro 
gen. 

All percentages herein are by volume unless otherWise 
stated. 
The present invention provides processes for isolating a 

hydrogen-rich stream from a hydrogen-depleted stream. As 
provided above, the hydrogen-rich stream comprises greater 
than 90 vol. % hydrogen, preferably greater than 95 vol. % 
hydrogen, and more preferably greater than 99 vol. % hydro 
gen, and the hydro gen-depleted stream comprises less than 40 
vol. % hydrogen, preferably less than 35 vol. % hydrogen. 
The processes of the present invention for isolating a hydro 
gen-rich stream use a reverse- selective membrane. According 
to the present invention, an initial gas stream (i.e., a hydrogen 
depleted stream) is treated by a process comprising contact 
ing the initial gas stream With a reverse-selective membrane. 

In one embodiment, the processes for isolating a hydro gen 
containing stream from a hydrogen-depleted stream comprise 
contacting With a reverse-selective membrane, performing a 
Water gas shift reaction, and passing through a pressure sWing 
adsorption unit. Contacting With a reverse-selective mem 
brane and performing a Water gas shift reaction are performed 
prior to passing through a pressure sWing adsorption unit to 
raise hydrogen concentrations to acceptable levels for use of 
pressure sWing adsorption for hydrogen recovery. The pro 
ces ses may further comprise removing Water in a vapor-liquid 
separator prior to the pressure sWing adsorption unit. 

In an embodiment, the processes comprise contacting the 
initial gas stream With a reverse-selective membrane to pro 

vide a CO2-enriched permeate and a hydrogen-containing 
retentate; passing the retentate through a Water gas shift reac 
tor to provide a hydrogen-containing stream; and passing the 
hydrogen-containing stream through a pressure sWing 
adsorption unit to provide a hydrogen-rich stream. The pro 
cess may further comprise passing the hydrogen-containing 
stream through a vapor-liquid separator to remove Water prior 
to the pressure sWing adsorption unit. Advantageously, the 
hydrogen-containing retentate is at elevated pressure since it 
does not pass through the membrane and thus does not require 
re-pressuring to complete the isolation process. Preferably, 
the hydrogen-containing retentate is at a pressure of 2 about 
100 psig, and more preferably 2 about 200 psig. 

In another embodiment, the processes of the present inven 
tion comprise passing the initial gas stream through a Water 
gas shift reactor to provide a hydrogen-containing stream; 
contacting the hydrogen-containing stream With a reverse 
selective membrane to provide a C02 -enriched permeate and 
a hydrogen-containing retentate; and passing the hydrogen 
containing retentate through a pressure sWing adsorption unit 
to provide a hydrogen-rich stream. The process may further 
comprise passing the hydrogen-containing stream through a 
vapor-liquid separator to remove Water prior to the reverse 
selective membrane. Advantageously, the hydro gen-contain 
ing retentate is at elevated pressure since it does not pass 
through the membrane and thus does not require re-pressur 
ing to complete the isolation process. Preferably, the hydro 
gen-containing retentate is at a pressure of 2 about 100 psig, 
and more preferably 2 about 200 psig. 

Initial Gas Stream 
The initial gas stream to the processes of the present inven 

tion comprises hydrogen. Advantageously, the processes of 
the present invention alloW for isolation of a hydrogen-rich 
stream from initial streams that comprise a loW concentration 
of hydrogen. As such, these initial gas streams are loW value, 
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hydrogen-depleted streams comprising less than 40 vol. % 
hydrogen, preferably less than 35 vol. % hydrogen, and more 
preferably less than 30 vol. % hydrogen. The initial gas 
streams may also comprise CO2, CO, H2O (g), and gaseous 
C l-C5 hydrocarbons. 

The initial gas stream may be isolated from any source 
from Which a hydrogen-depleted stream may be obtained. 
Preferably, the hydrogen-depleted stream is isolated from a 
hydrocarbon synthesis process. In a hydrocarbon synthesis 
process, the hydrogen-depleted streams may be isolated from 
one or more processes that together provide such a loW value 
hydrogen-containing stream. Preferably, the hydrogen-de 
pleted stream is isolated from a source selected from the 
group consisting of (i) a tail gas from a hydrocarbon synthesis 
reaction unit; (ii) the syngas prior to performing the hydro 
carbon synthesis reaction; (iii) a tail gas from an upgrading 
process; and (iv) combinations thereof. Preferably, at least a 
portion of the hydrogen-depleted stream is isolated from the 
tail gas from a hydrocarbon synthesis reaction unit. 
As these initial gas streams, i.e., hydrogen-depleted gas 

streams, comprise less than 40 vol. % hydrogen, there is 
insuf?cient hydrogen content to produce a hydrogen-rich 
product by pressure sWing adsorption. Surprisingly, a hydro 
gen-rich stream may be produced from these loW value, 
hydrogen-depleted streams by employing methods to effec 
tively raise the hydrogen content of the gas feed prior to 
pressure sWing adsorption. These methods include contacting 
the initial gas feed With a reverse-selective membrane that is 
selectively permeable to carbon dioxide and performing a 
Water gas shift reaction. After conducting these methods, the 
hydrogen content on a Water-free basis of the resulting stream 
may be at least 5 vol. % greater than the hydrogen content on 
a Water-free basis of the initial hydrogen-depleted gas stream. 

Reverse-Selective Membrane 
The reverse-selective membrane, used in the processes of 

the present invention, is selectively permeable to carbon diox 
ide and relatively impermeable to the less soluble compo 
nents of the original gas feed, including hydrogen and carbon 
monoxide. Therefore, When the initial gas stream is contacted 
With the reverse-selective membrane according to the pro 
cesses of the present invention, a CO2-enriched permeate and 
a hydrogen-containing retentate are provided. The COZ-en 
riched permeate passes through the membrane and the hydro 
gen-containing retentate remains on the feed side of the mem 
brane. As described above, advantageously, the hydrogen 
containing retentate is at elevated pressure since it does not 
pass through the membrane and thus does not require re 
pressuring to complete the isolation process. Preferably, the 
hydrogen-containing retentate is at a pressure of 2 about 100 
psig, and more preferably 2 about 200 psig. 

Reverse-selective membranes are rubbery membranes and 
they operate because bigger, more condensable molecules 
(i.e., more soluble molecules) are preferentially permeated. 
Solubility is the key factor that enables CO2 to preferentially 
permeate over the less soluble components including H2. 

In contrast, most other typical membranes (i.e., “regularly 
selective” membranes) are glassy membranes, and as such, 
smaller molecules diffuse much faster through the membrane 
than larger molecules. Diffusivity, rather than solubility, is the 
controlling factor for this type of membranes. In “regularly 
selective” membranes, hydrogen Will permeate across the 
membrane more readily resulting in a retentate containing 

CO2. 
Reverse-selective membranes, Which are selectively per 

meable to carbon dioxide and are useful in the processes of 
the present invention, are available from Membrane Technol 
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8 
ogy and Research, Inc. in Menlo Park, Calif. Reverse-selec 
tive membranes available from Membrane Technology and 
Research, Which are selectively permeable to carbon dioxide, 
may be based on polyether-polyamide block copolymers. The 
permeation properties of these membranes are optimiZed for 
separating polar gases from nonpolar gases. 
Membranes that are selectively permeable to carbon diox 

ide are available from Membrane Technology and Research, 
Inc. in Menlo Park, Calif. and have been described in U. S. Pat. 
Nos. 4,963,165; 6,361,583; 6,572,679; and 6,572,680 (as 
signed to Membrane Technology and Research), the contents 
of Which are incorporated by reference in their entirety. 
Reverse-selective membranes that are selectively permeable 
to CO2 preferably exhibit selectivities of COZ/H2 of up to 10. 
The structure of the polyether-polyamide block copoly 

mers of the reverse- selective membrane available from Mem 
brane Technology and Research is as illustrated beloW: 

Wherein PA is an aliphatic polyamide block and PE is a 
polyether block. As such, there is a repeat unit of polyether 
polyamide block copolymers. The aliphatic polyamide (PA) 
units are those such as nylon 6 or nylon 12 and the polyether 
(PE) units are those such as polyethylene glycol or polytet 
ramethylene glycol. 
Water Gas Shift Reactor 

Either prior to contact With the reverse-selective membrane 
or after such contact, the hydrogen-containing stream is 
passed through a Water gas shift reactor. In the Water gas shift 
reactor CO reacts With Water vapor in the presence of a shift 
catalyst at reaction conditions effective to form a mixture of 
hydrogen and carbon dioxide. Water gas shift reaction con 
ditions are Well knoWn to those of skill in the art. Shift cata 
lysts include, for example, iron-based shift catalysts, copper 
based shift catalysts, and nickel-based shift catalysts. 

The iron-based catalysts are knoWn as high temperature 
shift catalysts, and generally operate in the temperature range 
of 320-4500 C. Copper based catalysts are knoWn as loW 
temperature catalysts, and generally operate in the tempera 
ture range of 200-2500 C. Industrial shift converters can oper 
ate from atmospheric pressure to 8500 kPa, at C0 concentra 
tions betWeen 3% and 80%. 
Many other transition metals have been shoWn to demon 

strate some shift activity. One Which has received attention is 
the sul?ded cobalt oxide-molybdenum oxide on alumina. 
Other catalysts, including cobalt Fischer Tropsch catalysts, 
are also knoWn to have at least some shift activity. 

In the processes according to the present invention a gas 
stream comprising CO and H2 is fed into a Water gas shift 
reactor With excess Water vapor to provide a stream With 
increased hydrogen content. Providing Water vapor in excess 
assists in driving the reaction to formation of hydrogen and 
carbon dioxide. After the Water gas shift reaction excess Water 
may be removed by cooling and passing the stream through a 
vapor-liquid separator. 

Water gas shift reaction conditions are described, for 
example, in NeWsome, David S., “The Water-Gas Shift Reac 
tion,” Catal. Rev.-Sci. Eng., 21 (2) pp 275-318 (1980). 

Pressure SWing Adsorption 
Contacting With a reverse-selective membrane and per 

forming a Water gas shift reaction are performed prior to 
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passing through a pressure swing adsorption unit to raise 
hydrogen concentrations to acceptable levels for use of pres 
sure sWing adsorption for hydrogen recovery. To operate 
effectively, the hydrogen-containing gas feed to the pressure 
sWing adsorption unit needs to comprise greater than about 40 
vol. % hydrogen. The initial gas stream is contacted With a 
reverse-selective membrane and passed though a Water gas 
shift reactor raising the volume percent of hydrogen on a 
Water-free basis in the gas stream. After conducting these 
methods, the hydrogen content on a Water-free basis of the 
resulting stream may be at least 5 vol. % greater than the 
hydrogen content on a Water-free basis of the initial hydro 
gen-depleted gas stream. Therefore, surprisingly using the 
processes of the present invention a hydrogen-depleted 
stream may be used as the initial gas stream for providing a 
hydrogen-rich stream. 

Pres sure sWing adsorption operates to purify the hydro gen 
containing gas by removing contaminant gases and hydrocar 
bons. The hydrogen-containing gas, Which is the feed to the 
pressure sWing adsorption unit comprises, greater than 40 
vol. % hydrogen for the unit to operate effectively. Higher 
concentrations of hydrogen result in higher hydrogen recov 
ery ef?ciencies and better economics. Pressure sWing adsorp 
tion systems are Well knoWn to those of skill in the art. They 
operate by selectively adsorbing the impurities from the gas. 
Desorption and regeneration of the adsorbent are accom 
plished by reducing the adsorptive capacity of the adsorbent 
by loWering the pressure and purging the adsorbent With a 
portion of the hydrogen-rich gas. Pressure sWing adsorption 
alloWs more rapid sorption-desorption cycling than is pos 
sible in thermal sWing adsorption. 
A pressure swing cycle consists of: adsorption; depressur 

iZation; purge at loW pressure; and repressuriZation. This 
cycle may be carried out using tWo or more beds of an adsor 
bent that are capable of selectively adsorbing impurities, such 
as methane, from a hydrogen-rich gas. Such adsorbents 
include molecular sieves, particularly Zeolitic molecular 
sieves, silica gel, activated carbon, and mixtures thereof. The 
most e?icient systems operate With more than tWo beds With 
one or more of the beds undergoing regeneration While the 
others are adsorbing. The hydrogen-rich gas is used as much 
as possible to purge and repressure other beds. 

The puri?ed hydrogen gas product, i.e., the hydrogen-rich 
stream, is taken from the pressure sWing adsorption. As indi 
cated above, the hydrogen content of this hydrogen-rich 
stream preferably is at least about 90% by volume, more 
preferably at least 95% by volume, and even more preferably 
at least 99% by volume. As indicated above, the hydrogen 
content of the feed gas to the pressure sWing adsorption Will 
be greater than about 40% by volume for the unit to operate 
effectively. At loWer hydrogen concentrations, there is insuf 
?cient product hydrogen to regenerate the pressure sWing 
adsorption beds. According to the processes of the present 
invention, a hydrogen-rich stream may be isolated from an 
initial gas stream comprising a loW concentration of hydrogen 
(i.e., a hydrogen-depleted stream) by employing methods to 
raise the hydrogen content of the gas feed prior to pressure 
sWing adsorption, as described above. 
The hydrogen-rich product stream Will typically be at sub 

stantially the same pressure as the gas entering the system, 
since there is usually very little pressure drop for the hydro 
gen through the pressure sWing adsorption system for the 
hydrogen. The impurities leave the system by an “other gas” 
line. The impurities Will typically exit the system at pressures 
ranging betWeen atmospheric pressure and about 150 psig. 
The pressure of the removed gases is typically an important 
operating parameter of pressure sWing adsorption systems. 
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10 
As a general rule, the loWer this pressure, the higher the 
hydrogen recovery from the feed gas. Typically, the ratio of 
feed gas pressure to removed gas pressure Will be maintained 
at about 4:1 or higher. 

Hydrocarbon Synthesis Processes 
Preferably, the hydrogen-depleted stream for use in the 

processes of the present invention is isolated from a hydro 
carbon synthesis process. 
A hydrocarbon synthesis process refers to a series of pro 

cess steps for the conversion of a hydrocarbon source, such as 
natural gas, heavy oil, and coal, into more valuable hydrocar 
bons. The hydrocarbon synthesis process ?rst comprises con 
ver‘ting the hydrocarbon source into synthesis gas or syngas. 
The synthesis gas is then converted into more valuable hydro 
carbons by a hydrocarbon synthesis reaction. The hydrocar 
bon synthesis process may comprise one or more upgrading 
steps to upgrade the hydrocarbons into one or more salable 
hydrocarbonaceous products. Hydrocarbon synthesis pro 
cesses may be used to produce a Wide range of products, 
including combustible liquid fuels, methanol, acetic acid, 
dimethyl ether, oxo alcohols, and isocyanates. Hydrocarbon 
synthesis processes include Fischer Tropsch processes, 
methanol synthesis processes, and the like. 
The hydrocarbon synthesis reaction is the reaction for con 

ver‘ting synthesis gas into higher hydrocarbons. Hydrocarbon 
synthesis reactions include Fischer Tropsch synthesis reac 
tions, methanol synthesis reactions, and the like. 

Methanol synthesis reactions and methanol synthesis pro 
cesses are Well knoWn to those of skill in the art. In a methanol 
synthesis process, syngas is derived from a hydrocarbon 
source. The syngas is then converted to methanol by contact 
With a catalyst under reactive conditions. Reaction conditions 
and catalysts for performing methanol synthesis reactions are 
Well knoWn to those of skill in the art. Methanol synthesis 
reactions are disclosed in, for example, U.S. Pat. Nos. 4,348, 
486 and 6,258,860, the contents of Which are incorporated by 
reference in their entirety. 

Fischer Tropsch synthesis reactions and Fischer Tropsch 
processes are also Well knoWn to those of skill in the art. In a 
Fischer Tropsch process, a hydrocarbon source, preferably 
natural gas, is converted into synthesis gas. In the Fischer 
Tropsch synthesis reaction, highly para?inic higher hydro 
carbon products are synthesiZed from the synthesis gas. In the 
Fischer Tropsch synthesis reaction, synthesis gas is converted 
to hydrocarbons by contact With a Fischer Tropsch catalyst 
under reactive conditions. The products from the Fischer 
Tropsch synthesis reaction may range from C 1 to C200+ With 
a majority in the CS-C100+ range. The Fischer Tropsch syn 
thesis reaction can be conducted in a variety of reactor types 
including, for example, ?xed bed reactors containing one or 
more catalyst beds, slurry reactors, ?uidized bed reactors, or 
a combination of different type reactors. The Fischer Tropsch 
process may further comprise one or more upgrading steps to 
upgrade the highly para?inic hydrocarbons into one or more 
salable hydrocarbonaceous products. 

Preferably, the hydrocarbon synthesis reactions and pro 
cesses of the present invention are Fischer Tropsch synthesis 
reactions and Fischer Tropsch processes. 

In these hydrocarbon synthesis processes, hydrogen-de 
pleted streams are produced. The hydro gen-depleted streams, 
for use in the processes of the present invention, may be 
isolated from one or more of the process steps in a hydrocar 
bon synthesis process. Combined streams, isolated from one 
or more of the process steps in a hydrocarbon synthesis pro 
cess, can provide a loW value, hydrogen-depleted stream. 
Preferably, the hydrogen-depleted stream is isolated from a 
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source selected from the group consisting of (i) a tail gas from 
a hydrocarbon synthesis reaction unit; (ii) the syngas prior to 
performing the hydrocarbon synthesis reaction; (iii) a tail gas 
from an upgrading process; and (iv) combinations thereof. 
Preferably, at least a portion of the hydrogen-depleted stream 
is isolated from the tail gas from a hydrocarbon synthesis 
reaction unit. 

The hydrogen-rich stream isolated according to the pro 
cesses of the present invention may be used for a process 
selected from the group consisting of (i) upgrading a hydro 
carbon product stream from the hydrocarbon synthesis pro 
cess; (ii) hydrotreating a natural gas stream; (iii) recycling the 
hydrogen-rich stream to a hydrocarbon synthesis reaction 
unit; (iv) hydrogen production for uses outside the hydrocar 
bon synthesis process; (v) rejuvenating a hydrocarbon syn 
thesis reaction catalyst; and (vi) combinations thereof. 

Preferably, the processes of the present invention are used 
to isolate hydrogen-rich streams from streams produced in 
hydrocarbon synthesis processes, and the hydrogen-rich 
streams thus isolated are used in the hydrocarbon synthesis 
processes, thus providing an integrated process. Advanta 
geously, in these integrated processes the hydrogen-rich 
streams isolated according to the processes of the present 
invention may be used for a process selected from the group 
consisting of (i) upgrading a hydrocarbon product stream 
from the hydrocarbon synthesis process; (ii) hydrotreating a 
natural gas stream; (iii) recycling the hydrogen-rich stream to 
a hydrocarbon synthesis reaction unit; (iv) rejuvenating a 
hydrocarbon synthesis reaction catalyst; and (v) combina 
tions thereof. 

Using the hydrogen-rich streams isolated from the hydro 
carbon synthesis process in an integrated manner reduces or 
potentially eliminates hydrogen gas needed from conven 
tional sources. Accordingly, this integrated process is e?i 
cient, as Well as provides economic advantages. 

Fischer Tropsch Process 
Preferably, the hydrocarbon synthesis process of the 

present invention is a Fischer Tropsch process. 
In a Fischer Tropsch process, a hydrocarbon source, pref 

erably natural gas, is converted into synthesis gas. The syn 
thesis gas is converted into highly para?inic higher hydrocar 
bon products by a Fischer Tropsch synthesis reaction. The 
Fischer Tropsch process may further comprise one or more 
upgrading steps to upgrade the highly para?inic hydrocar 
bons into one or more salable hydrocarbonaceous products. 

In a Fischer Tropsch synthesis reaction, syngas is con 
ver‘ted to liquid hydrocarbons by contact With a Fischer Trop 
sch catalyst under reactive conditions. Typically, methane 
and optionally heavier hydrocarbons (ethane and heavier, 
coke, or coal) can be sent through a conventional syngas 
generator to provide synthesis gas. Generally, synthesis gas 
contains hydrogen, carbon monoxide, carbon dioxide, and 
Water. If natural gas is the feedstock and the natural gas 
contains sulfur, the sulfur must be removed from the natural 
gas because sulfur is a poison to both reforming catalysts and 
Fischer Tropsch catalysts. Hydrogen is required to remove 
the sulfur from the natural gas by converting the organic 
sulfur compounds into HZS. 
The presence of nitrogen, halogen, selenium, phosphorus 

and arsenic contaminants in the syngas is also undesirable. 
Means for removing these contaminants are Well knoWn to 
those of skill in the art. 

If coal or coke is the feedsock, sulfur must also be removed 
and the sulfur removal is accomplished doWnstream of the 
syngas generation unit. Bulk removal of the sulfur is accom 
plished With solvent absorption processes such as Selexol. 
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12 
ZnO guardbeds are preferred for removing trace quantities of 
sulfur impurities. Means for removing other contaminants are 
Well knoWn to those of skill in the art. 

In the Fischer Tropsch synthesis reaction, contacting a 
synthesis gas, comprising a mixture of H2 and CO, With a 
Fischer Tropsch catalyst under suitable temperature and pres 
sure reactive conditions forms liquid and gaseous hydrocar 
bons. The Fischer Tropsch synthesis reaction is typically 
conducted at temperatures of about 300-7000 F. (149-3710 
C.), preferably about 400-5500 F. (204-2280 C.); pressures of 
about 10-600 psia, (0.7-41 bars), preferably about 30-300 
psia, (2-21 bars); and catalyst space velocities of about 100 
l0,000 cc/g/hr, preferably about 300-3,000 cc/g/hr. Examples 
of conditions for performing Fischer Tropsch synthesis reac 
tions are Well knoWn to those of skill in the art. 
The products of the Fischer Tropsch synthesis reaction 

may range from C 1 to C200+ With a majority in the C5 to C100+ 
range. The synthesis reaction can be conducted in a variety of 
reactor types or synthesis reaction units, such as ?xed bed 
reactors containing one or more catalyst beds, slurry reactors, 
?uidized bed reactors, or a combination of different type 
reactors. Such synthesis reactions and reactors are Well 
knoWn and documented in the literature. 
The slurry Fischer Tropsch synthesis reaction, Which is 

preferred in the practice of the invention, utiliZes superior 
heat (and mass) transfer characteristics for the strongly exo 
thermic synthesis reaction and is able to produce relatively 
high molecular Weight, para?inic hydrocarbons When using a 
cobalt catalyst. In the slurry synthesis reaction, a syngas 
comprising a mixture of hydrogen and carbon monoxide is 
bubbled up as a third phase through a slurry Which comprises 
a particulate Fischer Tropsch type hydrocarbon synthesis 
catalyst dispersed and suspended in a slurry liquid compris 
ing hydrocarbon products of the synthesis reaction Which are 
liquid under the reaction conditions. The mole ratio of the 
hydrogen to the carbon monoxide may broadly range from 
about 0.5 to about 4, but is more typically Within the range of 
from about 0.7 to about 2.75 and preferably from about 0.7 to 
about 2.5. A particularly preferred Fischer Tropsch synthesis 
reaction is taught in EP0609079, also completely incorpo 
rated herein by reference for all purposes. 

In general, Fischer Tropsch catalysts contain a Group VIII 
transition metal on a metal oxide support. The catalysts may 
also contain a noble metal promoter(s) and/or crystalline 
molecular sieves. Suitable Fischer Tropsch catalysts com 
prise one or more of Fe, Ni, Co, Ru and Re, With cobalt being 
preferred. A preferred Fischer Tropsch catalyst comprises 
effective amounts of cobalt and one or more of Re, Ru, Pt, Fe, 
Ni, Th, Zr, Hf, U, Mg and La on a suitable inorganic support 
material, preferably one Which comprises one or more refrac 
tory metal oxides. In general, the amount of cobalt present in 
the catalyst is betWeen about 1 and about 50 Weight percent of 
the total catalyst composition. The catalysts can also contain 
basic oxide promoters such as ThO2, La2O3, MgO, and TiO2, 
promoters such as ZrO2, noble metals (Pt, Pd, Ru, Rh, Os, Ir), 
coinage metals (Cu, Ag, Au), and other transition metals such 
as Fe, Mn, Ni, and Re. Suitable support materials include 
alumina, silica, magnesia and titania or mixtures thereof. 
Preferred supports for cobalt containing catalysts comprise 
titania. Useful catalysts and their preparation are knoWn and 
illustrated in US. Pat. No. 4,568,663, Which is intended to be 
illustrative but non-limiting relative to catalyst selection. 

Certain catalysts are knoWn to provide chain groWth prob 
abilities that are relatively loW to moderate, and the synthesis 
reaction products include a relatively high proportion of loW 
molecular (C2_8) Weight ole?ns and a relatively loW propor 
tion of high molecular Weight (C30,?) Waxes. Certain other 
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catalysts are known to provide relatively high chain growth 
probabilities, and the synthesis reaction products include a 
relatively loW proportion of loW molecular (C2_8) Weight ole 
?ns and a relatively high proportion of high molecular Weight 
(C30,?) Waxes. Such catalysts are Well knoWn to those of skill 
in the art and can be readily obtained and/ or prepared. 

The product from a Fischer Tropsch synthesis reaction 
contains predominantly paraf?ns. The product from a Fischer 
Tropsch synthesis reaction generally includes a light reaction 
product and a Waxy reaction product. A tail gas is also pro 
duced. The light reaction product (i.e., the condensate frac 
tion) includes hydrocarbons boiling beloW about 700° F. (e. g., 
through middle distillate fuels), largely in the C5 -C20 range, 
With decreasing amounts up to about C30. The Waxy reaction 
product (i.e., the Wax fraction) includes hydrocarbons boiling 
above about 600° F. (e. g., vacuum gas oil through heavy 
paraf?ns), largely in the C20+ range, With decreasing amounts 
doWn to C10. 

Both the light reaction product and the Waxy product are 
substantially paraf?nic. The Waxy product generally com 
prises greater than 70 Weight % normal paraf?ns, and often 
greater than 80 Weight % normal paraf?ns. The light reaction 
product comprises para?inic products With a signi?cant pro 
portion of alcohols and ole?ns. In some cases, the light reac 
tion product may comprise as much as 50 Weight %, and even 
higher, alcohols and ole?ns. The tail gas comprises CO, H2, 
CO2, H2O (g), and gaseous C l-C5 hydrocarbons. The tail gas 
from the Fischer Tropsch synthesis reaction unit is a hydro 
gen-depleted gas stream according to the present invention. 
Preferably, the tail gas from the Fischer Tropsch synthesis 
reactor is used in the processes of the present invention. 

In the Fischer Tropsch process, the reaction products from 
the Fischer Tropsch synthesis reaction may be upgraded by 
one or more upgrading process steps. Accordingly, the Fis 
cher Tropsch process may comprise one or more upgrading 
steps to upgrade the reaction products into one or more sal 
able hydrocarbonaceous products. Hydrogen may be 
required to upgrade the products. Hydrogen may also be used 
to saturate ole?ns that are contained in various recycle 
streams in the Fischer Tropsch process. 

Uses for the Hydrogen-Rich Stream 
The hydrogen-rich gas isolated from the processes of the 

present invention comprises greater than 90 vol. % hydrogen, 
preferably greater than 95 vol. % hydrogen, and more pref 
erably greater than 99 vol. % hydrogen. Accordingly, the 
hydrogen-rich gas may be used for any purpose for Which 
high purity hydrogen is needed. 
By Way of example, the hydrogen-rich gas produced from 

the processes of the present invention may be used for upgrad 
ing hydrocarbon product streams from hydrocarbon synthesis 
processes. The hydro gen-rich gas may be used for hydrotreat 
ing a natural gas stream. The hydrogen-rich gas may used as 
a feed to a hydrocarbon synthesis reaction unit. As such, the 
hydrogen-rich gas may be recycled Within the hydrocarbon 
synthesis process in Which it is produced to the hydrocarbon 
synthesis reaction unit. The hydrogen-rich gas may be used to 
rejuvenate a hydrocarbon synthesis reaction catalyst. The 
hydrogen-rich gas may used for hydrogen production for uses 
outside the hydrocarbon synthesis process. If the hydrogen 
rich gas produced is not used Within the hydrocarbon synthe 
sis process, it may be appropriately shipped to other locations 
for use in other processes Which require high purity hydrogen. 

Preferably, the hydrogen-rich gas isolated according to the 
processes of the present invention is used in hydrocarbon 
synthesis processes from Which it is isolated, thus providing 
an integrated process. As such, the hydrogen-rich gas may be 
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used for any purpose in the hydrocarbon synthesis processes 
for Which hydrogen-rich gas is needed. Preferably, the hydro 
gen-rich gas is used to upgrade the hydrocarbon product 
stream produced in the hydrocarbon synthesis process; 
hydrotreat the natural gas stream used in making the synthesis 
gas; recycle to the hydrocarbon synthesis reaction unit; reju 
venate a hydrocarbon synthesis reaction catalyst; or combi 
nations thereof. Using the hydrogen-rich gas isolated from 
the hydrocarbon synthesis process in the hydrocarbon syn 
thesis process reduces or potentially eliminates hydrogen gas 
needed from conventional sources. Accordingly, this inte 
grated process is ef?cient, as Well as provides economic 
advantages. 

Rejuvenating the Hydrocarbon Synthesis Reaction Catalyst 
According to the processes of the present invention, the 

hydrogen-rich stream may be used for rejuvenation of a 
hydrocarbon synthesis reaction catalyst. During the hydro 
carbon synthesis reaction operation, the hydrocarbon synthe 
sis reaction catalyst loses activity (deactivates) by deactivat 
ing species in the syngas and deactivating species resulting 
from the synthesis reaction. These deactivating species 
include, for example, nitrogen or nitrogen containing com 
pounds. This deactivation is reversible and catalytic activity is 
restored (i.e., the catalyst is rejuvenated) by contacting the 
deactivated catalyst With hydrogen. The activity of a hydro 
carbon synthesis reaction catalyst in a slurry reactor can be 
intermittently or continuously rejuvenated by contacting the 
slurry With a hydrogen-rich gas to form a catalyst rejuvenated 
slurry either in-situ in the hydrocarbon synthesis reactor or in 
an external rejuvenation vessel. This type of rejuvenation 
process is disclosed in, for example, US. Pat. Nos. 5,260,239; 
5,268,344; and 5,283,216. 

Upgrading Processes 
According to the present invention hydrocarbon product 

streams may be upgraded by a process comprising contacting 
the hydrocarbon product stream With a hydro gen-rich stream, 
Wherein the hydrogen-rich stream is isolated from a stream 
comprising less than 40% vol. hydrogen. 

Hydrocarbon product streams isolated from hydrocarbon 
synthesis processes frequently require upgrading through 
hydroconversion processes/hydroprocessing. Fischer Trop 
sch products, While they are highly paraf?nic, are typically 
upgraded by one or more hydroconversion processes to pro 
vide more valuable products. Examples of hydroconversion 
processes include hydrotreating, hydrocracking, hydrogena 
tion, hydroisomeriZation deWaxing, and hydro?nishing. 

In addition to product streams, the initial feedstock to the 
syngas generator as Well as recycle streams may require 
upgrading. By Way of example, the natural gas feed to the 
syngas generator may require hydrotreating to remove sulfur 
and sulfur containing compounds. Various recycle streams in 
the hydrocarbon synthesis process may contain ole?ns that 
need to be saturated by hydrotreating. 

Hydroconversion processes or hydroprocessing, in gen 
eral, is Well knoWn to those of skill in the art. Among the 
purposes of the hydroprocessing can be reducing, or prefer 
ably completely removing, heteroatoms such as nitrogen and 
sulfur. Further, hydroprocessing may reduce, or completely 
remove, ole?ns. Moreover, hydroproces sing may increase the 
ratio of iso/normal paraf?ns in a distillate product. Addition 
ally, hydroprocessing may increase the production of distil 
late product by converting heavy species. 

Typical hydroprocessing conditions vary over a Wide range 
and are Well knoWn to those of skill in the art. 
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Hydrotreating 
Hydrotreating can be use to reduce or preferably com 

pletely remove heteroatoms, such as nitrogen and sulfur. 
Typical hydrotreating conditions are Well knoWn to those of 
skill in the art and are described in, by Way of example, U.S. 
Pat. No. 6,179,995, the contents of Which are herein incorpo 
rated by reference in their entirety. 

Hydrotreating conditions include a reaction temperature 
betWeen 400° F.-900° F. (204° C.-482° C.), preferably 650° 
F.-850° F. (343° C.-454° C.); a pressure betWeen 500 to 5000 
psig (pounds per square inch gauge) (3.5-34.6 MPa), prefer 
ably 1000 to 3000 psig (7.0-20.8 MPa); a feed rate (LHSV) of 
0.5 hr“1 to 20 hr“1 (v/v); and overall hydrogen consumption 
300 to 2000 scf per barrel of liquid hydrocarbon feed (53.4 
356 m3 H2/m3 feed). The hydrotreating catalyst for the beds 
Will typically be a composite of a Group VI metal or com 
pound thereof, and a Group VIII metal or compound thereof 
supported on a porous refractory base such as alumina. 
Examples of hydrotreating catalysts are alumina supported 
cobalt-molybdenum, nickel sul?de, nickel-tungsten, cobalt 
tungsten and nickel-molybdenum. Typically such hydrotreat 
ing catalysts are presul?ded. 

Hydrocracking 
Hydrocracking may be conducted according to conven 

tional methods knoWn to those of skill in the art. Typical 
hydrocracking conditions are described in, by Way of 
example, U.S. Pat. No. 6,179,995, the contents of Which are 
herein incorporated by reference in their entirety. Hydroc 
racking is used to effect a boiling range conversion of a Waxy 
hydrocarbon feed. Typically, hydrocracking is a process of 
breaking larger carbon molecules into smaller ones. It may be 
effected by contacting the particular fraction or combination 
of fractions, With hydrogen in the presence of a suitable 
hydrocracking catalyst at temperatures in the range of from 
about 600 to 900° F. (316 to 482° C.), preferably 650 to 850° 
F. (343 to 454° C.), and pressures in the range of from about 
200 to 4000 psia (13 to 272 atm), preferably 500 to 3000 psia 
(34 to 204 atm) using space velocities based on the hydrocar 
bon feedstock of about 0.1 to 10 hr“, preferably 0.25 to 5 
hr_l; and hydrogen consumption 500 to 2500 scf per barrel of 
liquid hydrocarbon feed (891-445 In3 H2/m3 feed). 

The hydrocracking catalyst generally comprises a cracking 
component, a hydrogenation component and a binder. Such 
catalysts are Well knoWn in the art. The cracking component 
may include an amorphous silica/alumina phase and/or a 
Zeolite, such as a Y-type or USY Zeolite. The binder is gen 
erally silica or alumina. The hydrogenation component Will 
be a Group VI, Group VII, or Group VIII metal or oxides or 
sul?des thereof, preferably one or more of molybdenum, 
tungsten, cobalt, or nickel, or the sul?des or oxides thereof. If 
present in the catalyst, these hydrogenation components gen 
erally make up from about 5% to about 40% by Weight of the 
catalyst. Alternatively, platinum group metals, especially 
platinum and/or palladium, may be present as the hydroge 
nation component, either alone or in combination With the 
base metal hydrogenation components molybdenum, tung 
sten, cobalt, or nickel. If present, the platinum group metals 
Will generally make up from about 0.1% to about 2% by 
Weight of the catalyst. 

Hydrogenation 
The conditions of hydrogenation are Well knoWn in the 

industry and include temperatures above ambient and pres 
sures greater than atmospheric. Preferable conditions for 
hydrogenation include a temperature betWeen 300 and 800° 
F., most preferably betWeen 400 and 600° F., a pressure 
betWeen 50 and 2000 psig, most preferably betWeen 100 and 
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500 psig, a liquid hourly space velocity (LHSV) betWeen 0.2 
and 10 hr“, most preferably betWeen 1.0 and 3.0 hr“, and a 
gas rate betWeen 500 and 10,000 SCFB, most preferably 
betWeen 1000 and 5000 SCFB. 
The catalysts used for hydrogenation are those typically 

used in hydrotreating, but non-sul?ded catalysts containing 
Pt and/ or Pd are preferred, and it is preferred to disperse the Pt 
and/or Pd on a support, such as alumina, silica, silica-alu 
mina, or carbon. The preferred support is silica-alumina. 

HydroisomeriZation DeWaxing 
According to the present invention, a Waxy hydrocarbon 

feedstock can be subjected to hydroisomeriZation in a hydroi 
someriZation Zone. 

HydroisomeriZation deWaxing is intended to improve the 
cold ?oW properties of a lubricant base oil by the selective 
addition of branching into the molecular structure. Hydroi 
someriZation deWaxing ideally Will achieve high conversion 
levels of Waxy feed to non-Waxy iso-paraf?ns While at the 
same time minimizing the conversion by cracking. 

Typical hydroisomeriZation conditions are Well knoWn to 
those of skill in the art and can vary Widely. HydroisomeriZa 
tion processes are typically carried out at a temperature 
betWeen 200° F. and 700° F., preferably 300° F. to 650° F., 
With a LHSV betWeen 0.1 and 10_l, preferably betWeen 0.25 
and 5 hr“. Hydrogen is employed such that the mole ratio of 
hydrogen to hydrocarbon is betWeen 1:1 and 15:1. Catalysts 
useful for isomeriZation processes are generally bifunctional 
catalysts that include a dehydrogenation/hydrogenation com 
ponent and an acidic component. The acidic component may 
include one or more of amorphous oxides such as alumina, 
silica or silica-alumina; a Zeolitic material such as ZeoliteY, 
ultrastable Y, SSZ-32, Beta Zeolite, mordenite, ZSM-5 and 
the like, or a non-Zeolitic molecular sieve such as SAPO-l 1, 
SAPO-31 and SZPO-41. The acidic component may further 
include a halogen component, such as ?uorine. The hydroge 
nation component may be selected from the Group VIII noble 
metals such as platinum and/or palladium, from the Group 
VIII non-noble metals such as nickel and tungsten, and from 
the Group VI metals such as cobalt and molybdenum. If 
present, the platinum group metals Will generally make up 
from about 0.1% to about 2% by Weight of the catalyst. If 
present in the catalyst, the non-noble metal hydrogenation 
components generally make up from about 5% to about 40% 
by Weight of the catalyst. 

Hydro?nishing 
The lubricant base oil products produced from the hydro 

carbon synthesis processes may be hydro?nished in order to 
improve product quality and stability. During hydro?nishing, 
overall LHSV is about 0.25 to 2.0 hr_l, preferably about 0.5 
to 1.0 hr_l. The hydrogen partial pressure is greater than 200 
psia, preferably ranging from about 500 psia to about 2000 
psia. Hydrogen recirculation rates are typically greater than 
50 SCF/Bbl, and are preferably betWeen 1000 and 5000 SCF/ 
Bbl. Temperatures range from about 300° F. to about 750° F., 
preferably ranging from 450° F. to 600° F. 

Suitable hydro?nishing catalysts include noble metals 
from Group VIIIA (according to the 1975 rules of the Inter 
national Union of Pure and Applied Chemistry), such as 
platinum or palladium on an alumina or siliceous matrix, and 
unsul?ded Group VIHA and Group VIB, such as nickel 
molybdenum or nickel-tin on an alumina or siliceous matrix. 
U.S. Pat. No. 3,852,207 describes a suitable noble metal 
catalyst and mild conditions. Other suitable catalysts are 
described, for example, in Us. Pat. Nos. 4,157,294, and 
3,904,513. The non-noble metal (such as nickel-molybde 
num and/or tungsten, and at least about 0.5, and generally 
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about 1 to about 15 Weight percent of nickel and/or cobalt 
determined as the corresponding oxides. The noble metal 
(such as platinum) catalyst contains in excess of 0.01 percent 
metal, preferably betWeen 0.1 and 1.0 percent metal. Combi 
nations of noble metals may also be used, such as mixtures of 
platinum and palladium. 

Illustrative Embodiments 

The illustrative embodiments are preformed With a 
reverse-selective membrane having an active-layer thickness 
of 1.0 micron. The membrane exhibits permeability (barrer) 
to various components of the initial gas feed as summarized in 
Table I beloW. 

TABLE I 

Gas Component Permeability (barrer) 

co2 185 
H2 18 
CH4 9.2 
N2 2.7 
co 3 

02H6 23 
C3H8 46 
04H“, 92 
H20 1748 

FIG. 1 represents one embodiment of a process for provid 
ing a hydrogen-rich stream. The process comprises perform 
ing a hydrocarbon synthesis reaction using syngas and isolat 
ing a tail gas from the hydrocarbon synthesis reaction unit. 
Preferably, the hydrocarbon synthesis reaction is a Fischer 
Tropsch synthesis reaction. The tail gas (1) is contacted With 
a reverse-selective membrane that is selectively permeable to 
C02 (100) providing a CO2-enriched permeate (2) and a 
hydrogen-containing retentate (3). Advantageously, the 
hydrogen-containing retentate (3) remains at elevated pres 
sure since it does not pass through the membrane and thus 
does not require re-pressuring to complete the isolation pro 
cess. Preferably, the hydrogen-containing retentate (3) is at a 
pressure of 2 about 100 psig, and more preferably 2 about 
200 psig. 

The hydrogen-containing retentate (3) is heated using heat 
exchanger (200). Water vapor (4) is added in excess to the 
hydrogen-containing retentate (3) to provide a combined 
stream (5). The combined stream (5) is fed into a Water gas 
shift reactor (300). In the Water gas shift reactor (300) CO in 
the combined gas stream (5) reacts With Water vapor in the 
presence of a shift catalyst at reaction conditions effective to 
form a mixture of hydrogen and carbon dioxide, i.e., the 
hydrogen-containing stream (6). 

The hydrogen-containing stream (6) exits the Water gas 
shift reactor (300) and is cooled through use of heat 
exchanger (200) and heat exchanger (400), With heat 
exchanger (400) using cooling Water. The hydrogen-contain 
ing stream (6) is then passed through a vapor-liquid separator 
(500) to remove Water (11) and to provide the hydrogen 
containing stream (7). The hydrogen-containing stream (7) is 
passed through a pressure sWing adsorption unit (600) to 
provide a hydrogen-rich stream (10) and an absorbed gas 
stream (8). The absorbed gas stream (8) comprises CO, CO2, 
H2O(g), gaseous hydrocarbons, and residual hydrogen and 
may be combined With the CO2-enriched permeate (2) to 
form a combined gas stream (9) that may be burned as fuel. 
The hydrogen-rich stream (10) comprises greater than 90 vol. 
% hydrogen, preferably greater than 95 vol. % hydrogen, and 
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18 
more preferably greater than 99 vol. % hydrogen, and may be 
used for any purpose for Which high purity hydrogen is 
needed. 

Table II in FIG. 2 provides a stream summary of the gas 
streams from FIG. 1. The stream summary has been generated 
by computer modeling. 

FIG. 3 represents another embodiment of a process for 
providing a hydrogen-rich stream according to the present 
invention. The process comprises performing a hydrocarbon 
synthesis reaction using syngas and isolating a tail gas from 
the hydrocarbon synthesis reaction unit. Preferably, the 
hydrocarbon synthesis reaction is a Fischer Tropsch synthesis 
reaction. The tail gas (21) is heated With heat exchanger 
(200). The tail gas (21) is then combined With Water vapor 
(22) With the Water vapor (22) added in excess to provide a 
combined stream (23). The combined stream (23) is fed into 
a Water gas shift reactor (300). In the Water gas shift reactor 
(300) CO in the combined gas stream (23) reacts With Water 
vapor in the presence of a shift catalyst at reaction conditions 
effective to form a mixture of hydrogen and carbon dioxide, 
i.e., the hydrogen-containing stream (24). 
The hydrogen-containing stream (24) exits the Water gas 

shift reactor (300) and is cooled through use of heat 
exchanger (200) and heat exchanger (400), With heat 
exchanger (400) using cooling Water. The hydrogen-contain 
ing stream (24) is then passed through a vapor-liquid separa 
tor (500) to remove Water (31) and to provide the hydrogen 
containing stream (25). 
The hydrogen-containing stream (25) is contacted With a 

reverse-selective membrane that is selectively permeable to 
C02 (100) providing a CO2-enriched permeate (26) and a 
hydrogen-containing retentate (27). Advantageously, the 
hydrogen-containing retentate (27) remains at elevated pres 
sure since it does not pass through the membrane and thus 
does not require re-pressuring to complete the isolation pro 
cess. Preferably, the hydrogen-containing retentate (27) is at 
a pressure of 2 about 100 psig, and more preferably 2 about 
200 psig. 
The hydro gen-containing retentate (27) is passed through a 

pressure sWing adsorption unit (600) to provide a hydrogen 
rich stream (30) and an absorbed gas stream (28). The 
absorbed gas stream (28) comprises CO, CO2, H2O(g), gas 
eous hydrocarbons, and residual hydrogen and may be com 
bined With the CO2-enriched permeate (26) to form a com 
bined gas stream (29) that may be burned as fuel. The 
hydrogen-rich stream (30) comprises greater than 90 vol. % 
hydrogen, preferably greater than 95 vol. % hydrogen, and 
more preferably greater than 99 vol. % hydrogen, and may be 
used for any purpose for Which high purity hydrogen is 
needed. 

Table III in FIG. 4 provides the stream summary of the gas 
streams from FIG. 3. The stream summary has been generated 
by computer modeling. 

While the invention has been described in detail and With 
reference to speci?c embodiments thereof, it Will be apparent 
to one skilled in the art that various changes and modi?cations 
can be made Without departing from the spirit and scope 
thereof. 
What is claimed is: 
1. A process for providing a hydrogen-rich stream com 

prising: 
a) performing a hydrocarbon synthesis process using syn 

gas; 
b) isolating a gaseous stream comprising hydrogen from 

the hydrocarbon synthesis process, Wherein the gaseous 
stream comprising hydrogen comprises less than 35 vol. 
% hydrogen; 



US 7,745,502 B2 
19 

c) contacting the gaseous stream comprising hydrogen 
With a reverse selective membrane selectively perme 
able to CO2 to provide a CO2-enriched permeate and a 
hydro gen-containing retentate; 

d) passing the retentate through a Water gas shift reactor to 
provide a hydrogen-containing stream comprising 
greater than 40 vol. % hydrogen; and 

e) passing the hydrogen-containing stream through a pres 
sure sWing adsorption unit to provide a hydrogen-rich 
stream comprising greater than 90 vol. % hydrogen. 

2. The process according to claim 1, Wherein the hydrocar 
bon synthesis process is a Fischer-Tropsch process. 

3. The process according to claim 1, Wherein the process 
further comprises passing the hydrogen-containing stream 
through a vapor-liquid separator to remove Water. 

4. The process according to claim 1, Wherein the process 
further comprises using the hydrogen-rich stream for a pro 
cess selected from the group consisting of (i) upgrading a 
hydrocarbon product stream from the hydrocarbon synthesis 
process; (ii) hydrotreating a natural gas stream; (iii) recycling 
the hydrogen-rich stream to a hydrocarbon synthesis reaction 
unit; (iv) hydrogen production for uses outside the hydrocar 
bon synthesis process; (v) rejuvenating a hydrocarbon syn 
thesis reaction catalyst; and (vi) combinations thereof. 

5. The process according to claim 1, Wherein the hydro gen 
containing retentate is at a pressure of 2 about 100 psig. 

6. The process according to claim 1, Wherein the hydro gen 
containing retentate is at a pressure of 2 about 200 psig. 

7. The process according to claim 1, Wherein the hydro gen 
rich stream comprising greater than 99 vol. % hydrogen. 

8. The process according to claim 1, Wherein the gaseous 
stream comprises CO2, CO, H2O(g), gaseous Cl-C5 hydro 
carbons, and less than 35 vol. % H2. 

9. The process according to claim 1, Wherein the gaseous 
stream comprising hydrogen is isolated from a source 
selected from the group consisting of (i) a tail gas from a 
hydrocarbon synthesis reaction unit; (ii) the syngas prior to 
performing the hydrocarbon synthesis reaction; (iii) a tail gas 
from an upgrading process; and (iv) combinations thereof. 

10. A process for providing a hydrogen-rich stream com 
prising: 

a) performing a hydrocarbon synthesis process using syn 
gas; 

b) isolating a gaseous stream comprising hydrogen from 
the hydrocarbon synthesis process, Wherein the gaseous 
stream comprising hydrogen comprises less than 35 vol. 
% hydrogen; 

c) passing the gaseous stream comprising hydrogen 
through a Water gas shift reactor to provide a hydrogen 
containing stream comprising greater than 40 vol. % 
hydrogen; 

d) contacting the hydrogen-containing stream With a 
reverse-selective membrane selectively permeable to 
CO2 to provide a CO2-enriched permeate and a hydro 
gen-containing retentate; and 

e) passing the hydrogen-containing retentate through a 
pressure sWing adsorption unit to provide a hydrogen 
rich stream comprising greater than 90 vol. % hydrogen. 

11. The process according to claim 10, Wherein the hydro 
carbon synthesis process is a Fischer-Tropsch process. 

12. The process according to claim 10, Wherein the process 
further comprises passing the hydrogen-containing stream 
through a vapor-liquid separator to remove Water. 

13. The process according to claim 10, Wherein the process 
further comprises using the hydrogen-rich stream for a pro 
cess selected from the group consisting of (i) upgrading a 
hydrocarbon product stream from the hydrocarbon synthesis 
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process; (ii) hydrotreating a natural gas stream; (iii) recycling 
the hydro gen-rich stream to a hydrocarbon synthesis reaction 
unit; (iv) hydrogen production for uses outside the hydrocar 
bon synthesis process; (v) rejuvenating a hydrocarbon syn 
thesis reaction catalyst; and (vi) combinations thereof. 

14. The process according to claim 10, Wherein the hydro 
gen-containing retentate is at a pressure of 2 about 100 psig. 

15. The process according to claim 12, Wherein the hydro 
gen-containing retentate is at a pressure of 2 about 200 psig. 

16. The process according to claim 10, Wherein the hydro 
gen-rich stream comprising greater than 99 vol. % hydrogen. 

17. The process according to claim 10, Wherein the gaseous 
stream comprises CO2, CO, H2O(g), gaseous Cl-C5 hydro 
carbons, and less than 35 vol. % H2. 

18. The process according to claim 10, Wherein the gaseous 
stream comprising hydrogen is isolated from a source 
selected from the group consisting of (i) a tail gas from a 
hydrocarbon synthesis reaction unit; (ii) the syngas prior to 
performing the hydrocarbon synthesis reaction; (iii) a tail gas 
from an upgrading process; and (iv) combinations thereof. 

19. A process for providing a hydrogen-rich stream com 
prising: 

a) performing a hydrocarbon synthesis process; 
b) isolating a hydrogen-depleted stream comprising less 

than 3 5 vol. % hydrogen from the hydrocarbon synthesis 
process; and 

c) isolating a hydrogen-rich stream comprising greater 
than 90 vol. % hydrogen from the hydrogen-depleted 
stream by a process comprising contacting the hydro 
gen-depleted stream With a reverse- selective membrane 
selectively permeable to CO2 to provide a hydrogen 
containing retentate and a CO2-enriched permeate and 
passing the hydrogen-containing retentate through a 
Water gas shift reactor and through a pressure sWing 
adsorption unit or performing a Water gas shift reaction 
on the hydrogen-depleted stream to provide a treated 
stream and contacting the treated stream With a reverse 
selective membrane selectively permeable to CO2 to 
provide a hydrogen-containing retentate and a COZ-en 
riched permeate and passing the hydrogen-containing 
retentate through a pressure sWing adsorption unit, 

Wherein the hydrogen-depleted stream is contacted With 
the reverse selective membrane and passed through the 
Water gas shift reactor prior to the pressure sWing 
adsorption unit. 

20. The process according to claim 19, Wherein the hydro 
carbon synthesis process is a Fischer-Tropsch process. 

21. The process according to claim 19, Wherein the hydro 
gen-depleted stream is isolated from a source selected from 
the group consisting of (i) a tail gas from a hydrocarbon 
synthesis reaction unit; (ii) syngas prior to performing the 
hydrocarbon synthesis reaction; (iii) a tail gas from an 
upgrading process; and (iv) combinations thereof. 

22. The process according to claim 19, Wherein the hydro 
gen-rich stream comprising greater than 99 vol. % hydrogen. 

23. A process for providing a hydrogen-rich stream com 
prising: 

a) performing a hydrocarbon synthesis process using syn 
gas to provide at least one hydrocarbon stream and a 
hydrogen-depleted stream comprising less than 40 vol. 
% hydrogen; 

b) isolating a hydrogen-containing stream from the hydro 
gen-depleted stream by a process comprising contacting 
the hydrogen-depleted stream With a reverse-selective 
membrane selectively permeable to CO2 to provide a 
hydrogen-containing retentate and a CO2-enriched per 
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meate and performing a Water gas shift reaction on the 
hydro gen-containing retentate to provide the hydro gen 
containing stream, or 

performing a Water gas shift reaction on the hydrogen 
depleted stream to provide a treated stream and contact 
ing the treated stream With a reverse-selective mem 
brane selectively permeable to CO2 to provide the 
hydrogen-containing stream and a CO2-enriched per 
meate, 

Wherein the hydrogen concentration on a Water-free basis 
of the hydrogen-containing stream is at least 5 vol. % 
greater than the hydrogen concentration on a Water-free 
basis of the hydrogen-depleted stream; and 

c) passing the hydrogen-containing stream through a pres 
sure sWing adsorption unit to provide a hydrogen-rich 
stream comprising greater than 90 vol. % hydrogen. 

24. The process according to claim 23, Wherein the hydro 
gen-depleted stream is contacted With the reverse-selective 
membrane prior to performing the Water gas shift reaction. 

25. The process according to claim 23, Wherein the Water 
gas shift reaction is performed on the hydrogen-depleted 
stream prior to contacting With a reverse- selective membrane. 

26. The process according to claim 23, Wherein the process 
for isolating a hydrogen-containing stream from the hydro 
gen-depleted stream further comprises removing Water in a 
vapor-liquid separator. 

27. The process according to claim 23, Wherein the hydro 
gen-depleted stream comprises less than 35 vol. % hydrogen. 
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28. The process according to claim 23, Wherein the hydro 

gen-depleted stream is isolated from a source selected from 
the group consisting of (i) a tail gas from a hydrocarbon 
synthesis reaction; (ii) the syngas prior to performing the 
hydrocarbon synthesis reaction; (iii) a tail gas from an 
upgrading process; and (iv) combinations thereof. 

29. The process according to claim 23, Wherein the process 
further comprises using the hydrogen-rich stream for a pro 
cess selected from the group consisting of (i) upgrading a 
hydrocarbon product stream from the hydrocarbon synthesis 
process; (ii) hydrotreating a natural gas stream; (iii) recycling 
the hydro gen-rich stream to a hydrocarbon synthesis reaction 
unit; (iv) hydrogen production for uses outside the hydrocar 
bon synthesis process; (v) rejuvenating a hydrocarbon syn 
thesis reaction catalyst; and (vi) combinations thereof. 

30. The process according to claim 23, Wherein the hydro 
carbon synthesis process is a Fischer-Tropsch process. 

31. The process according to claim 1, Wherein COZ-en 
riched permeate is burned as fuel. 

32. The process according to claim 1, Wherein the pressure 
sWing adsorption unit also provides an absorbed gas stream 
comprising CO, CO2, H2O(g), gaseous hydrocarbons, and 
residual hydrogen and the process further comprises combin 
ing the absorbed gas stream With the CO2-enriched permeate 
to form a combined gas stream and burning the combined gas 
stream as fuel. 


